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ABSTRACT 

The risk of post irradiation myelopathy was evaluated in 76 

patients followed for l-5 years after neutron irradiation of the 

cervical and thoracic regions. No overt myelopathy was observed. 

Forty-six patients had received doses (central cord dose) in 

excess of 10 Gy, 9 received doses in excess of 12 GY, and 5 

received doses between 13 and 17 Gy, all without any evidence of 

spinal cord injury. On careful questioning, a subjective 

transient neuropathy (a tingling sensation in one extremity) "as 

reported by 6 patients, but this "as apparently unrelated to dose. 

A review of available literature revealed a total of 14 patients 

with myelopathy, 13 of whom received doses in excess of 13 Gy 

delivered with relatively 10" energy neutrons generated by the 

deuteron + beryllium reaction. It is concluded from these studies 

that the tolerance limit for the human spinal cord irradiated with 

high energy [p(66)Be(49)1 neutrons is close to 15 Gy, above which 

the risk of cord injury becomes significant. Central cord doses 

of 13 Gy or less appear to be well tolerated with little, if any, 

risk of myelopathy. These conclusions are valid for a treatment 

time of 4 weeks or more with two or more fractions per week (9 or 

more fractions). The RBE for the human spinal cord irradiated 

under the above conditions compared with conventionally 

fractionated photon therapy does not exceed 4.0. 
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INTRODUCTION __-- 

Reactions in normal tissues following therapeutic doses of 

high energy neutrons are essentially similar to those observed in 

conventional radiation therapy when the two modalities are given 

in equivalent doses. In this regard equivalence implies that the 

relative biological effectiveness (RBE) of the neutron beam 

compared with meqavoltaqe photons is known precisely. RBE values 

have been shown to depend upon the energy spectrum of the neutron 

beam, the fractionation scheme, the tissues irradiated and the 

endpoint studied. For a given total dose, the response to 

neutrons is practically independent of fraction size. 7 The 

observed dependence of RBE upon fraction number is a consequence 

of the response to the low-LET standard radiation which does 

depend upon fraction size. Since our knowledge of normal tissue 

tolerance is largely based upon clinical experience with high 

doses delivered in multiple small fractions over 5-7 weeks, the 

equivalency factor, conventionally used in neutron beam therapy, 

is based upon the RBE for neutrons relative to that for 

conventionally fractionated photon therapy. 

An approximate estimate of the equivalency factor is 

generally provided by pre-clinical radiobioloqical studies, 

determining the RBE in tissue cultures or animal systems, using 

small fractionated doses. However, since the RBE is tissue 

dependent, and may even be species dependent, this is a very rough 
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approximation. The final determination of the clinical RBE 

requires analysis of reactions in patients who have been treated 

with appropriate doses and followed for a sufficient period of 

time to observe the outcome. 

It has been established from both animal experiments and 

clinical observations that the RBE for late reactions, such as 

fibrosis and ischemic necrosis, is significantly higher than that 

for acute reactions like epidermolysis and mucositis.lg This 

implies that cell populations in late-reacting tissues are more 

susceptible to depletion by a given dose of neutrons than are the 

cells in early-reacting tissues. This phenomenon may be related 

to differences in the repair capacity and proliferation kinetics 

of the two populations. 

The mammalian central nervous system has been shown to be 

exceptionally vulnerable to damage by neutrons.17 For most other 

biological systems, in both laboratory animals and man, clinical 

RBEs of approximately 3.0 are found when the relatively high 

energy neutron beam used at Fermilab is compared to conventionally 

fractionated photons.B'11,13 Animal experiments on irradiation of 

the brain and spinal cordl'l have shown the corresponding RBE in 

the central nervous system to be between 4 and 5. Early clinical 

studies on the risk of encephalopathy4r10r12 and myelopathy4r10r12 

in patients treated for tumors of the head and neck showed that 

the susceptibility of the CNS to neutron injury also held true in 
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the clinical context. Further experiments on primates' confirmed 

the exceptional vulnerability of the spinal cord to neutron 

irradiation in the clinical dose range. 

When clinical studies were commenced at Fermilab in 1976, we 

were aware of this constraint on spinal cord tolerance and adopted 

a treatment planning policy whereby the maximum spinal cord dose 

would not exceed 12.5 Gy (with the exception of 5 patients who 

received between 13 and 16.7 Gy because of tumor location). Since 

doses of 50 Gy of conventionally fractionated photons are known to 

be well tolerated, or associated with a minimal risk of spinal 

cord injury, the limit of 12.5 Gy with neutrons assumed an RBE of 

4.0 for our beam. This requirement imposes a severe constraint on 

treatment planning for head and neck cancer. 3 The tumor doses 

required are generally of the order of 22 Gy, which may have to be 

delivered both to the primary tumor and to involved lymph nodes in 

the anterior and occasionally posterior neck (Fig. 1). It is 

often extremely difficult to irradiate this volume uniformly while 

ensuring that the spinal cord remains outside the 57% contour. 

It is important that the maximal safe limit for neutron 

irradiation of the human spinal cord be established accurately. 

The onset of myelopathy in long term survivors treated with 

neutrons must be avoided at all costs. On the other hand, to 

impose such severe constraints on the spinal cord dose may 

compromise the treatment plan, thereby leading to death from tumor 
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recurrence, is equally undesirable. In this paper we report our 

experience of 76 patients who survived 1 year or more following 

treatment of head, neck or thoracic tumors with neutrons. Since 

no radiation myelopathy has been noted in this series, we believe 

we may confidently define a lower limit for the spinal cord 

tolerance dose. 

METHODS AND MATERIALS ~_--I__- 

The patient population studied had received fast neutron 

radiation therapy for the treatment of various tumors of the head, 

neck and thoracic regions at the Fermilab Neutron Therapy 

Facility. 185 This facility provides a fixed horizontal beam of 

neutrons generated by the p(66)Be(49) reaction, appropriately 

collimated and delivered in an isocentric mode to patients 

immobilized in a sitting or standing position in a rotating 

fixture. Beam characteristics and depth dose distribution are 

similar to 6-8 MeV X-rays. 2,15,16 Seventy-six patients treated 

between September 1976 and November 1982, who survived 1 year or 

more after treatment, and in whom the spinal cord was directly 

within the geometric edges of one or more beams, were selected to 

evaluate the risk of spinal cord injury with neutron beam 

irradiation. Seventy patients had been treated for head and neck 

tumors and 6 patients were treated for thoracic malignancies. The 

ages ranged between 13 and 86 years (Fig. 2). Mixed beam (photon 

plus neutron) patients are not included in this study. We also 
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reviewed the records of patients who did not survive one year, to 

be sure that we were not overlooking any cases of early 

myelopathy. No myelitis was reported in these patients. 

Seventy patients had received definitive neutron radiation 

therapy as the primary treatment for a biopsy-proven malignancy. 

Three patients were treated for recurrence after single or 

multiple radical surgeries, 2 patients for recurrence after photon 

irradiation, and 1 patient after failure of a chemotherapy 

regimen. 

Planning X-ray films and contour information taken in the 

treatment position after immobilization were available for 

analysis. Depending on the anatomy of the spinal cord, and its 

position relative to the target volume, one or more contours were 

taken, always including one at the level of the isocenter. 

Treatment plans were individualized on the basis of clinical and 

radiographic evidence of tumor extent. Typically, multiple fields 

were used to achieve uniform irradiation of the target volume 

(Fig. 1) , generally keeping the entire spinal cord dose below the 

tolerance limit, believed to be 12.5 Gy, although this could not 

always be achieved. Several patients did, in fact, receive higher 

cord doses. The length of spinal cord irradiated varied from 5 to 

18 cm (Fig. 3). Treatments were given 2 or 3 times a week for a 

total period of 3 to 8 weeks. The fraction size ranged from 0.80 

to 2.85 Gy with total target absorbed doses between 12 and 27 Gy. 
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In this study, spinal cord doses are expressed in terms of 

the "central cord dose", that is, the absorbed dose at the point 

where an isodose line in the principal plane Of the beam 

intersects the central axis of the spinal cord. Those values are 

plotted in Fig. 4. With the dose distributions generally used in 

this series of patients, the dose across the spinal cord is 

relatively uniform (see, for example, Fig. 1) and maximum cord 

doses are generally of the order of 9% greater than the nominal 

central cord doses described (Fig. 5). 

RESULTS 

No myelopathy was observed in this series of 76 patients 

(Table 1). There was no evidence of unequivocal Lhermitte's 

syndrome in any of these patients. On careful questioning, six 

patients admitted to experiencing a mild transient paresthesia in 

one extremity, unrelated to movement of the neck. 

The relevant time-dose data are plotted in Fig. 6 in which 

the total central cord dose is related to the overall treatment 

time (closed circles). An analysis relating cord-dose to fraction 

number gave an essentially identical diagram (not shown) since 

time and fractions are strongly correlated. In many patients the 

initial treatment was given through wide fields which included the 

spinal cord and was followed by a "boost" to a smaller volume, 

generally excluding the cord. In these patients, the cord dose 
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received in the initial phase of treatment is plotted separately 

in the same figure (open circles); these patients provide lower 

levels for the doses tolerated over the shorter treatment times. 

FOK comparison, published reports on neutron induced 

myelopathy from Hammersmith Hospital4 (H) r from the MANTA 

project12 (M) and the University of Washington in Seattle" (S) 

are also shown in Fig. 6. Inspection of the figure suggests that 

a Straight line, corresponding to a cord dose of 13 Gy can be 

drawn, below which no myelopathy is observed. The best-fitting 

discriminant line should probably be horizontal, or almost so, to 

minimize the number of non-myelopathy points above the line. This 

confirms the concept that with neutrons, the slope of the 

Strandquist line is probably little greater than zero.’ The onset 

of symptomatic transient paresthesia appears to be sporadic and 

unrelated to dose OK time factors. 

DISCUSSION 

Studies with low-LET radiation, in both animal experiments14 

and human dose-time analysis, 6 have shown that the target cells in 

the irradiated mammalian central nervous system have a high 

capacity for repair of sublethal damage, with the result that 

these tissues are able to tolerate relatively high doses of 

conventionally fractionated radiations. This capacity for repair 

would be less evident with high-LET radiation. Consequently, a 
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relatively high RBE for late effects in the central nervous system 

compared to other organs or tissues would be anticipated. In 

addition to this biological factor, the elemental compositions and 

mechanisms of energy transfer from the neutron beam to the spinal 

cord and surrounding tissues may contribute to more severe 

reactions with neutrons. These factors could combine to produce a 

significantly higher effective RBE for the tissues of the spinal 

COKd if computed isodoses, which assume uniformity in chemical 

composition of soft tissues, are used to calculate cord doses. It 

is clearly this effective RBE which must be used as a conservative 

estimate of spinal cord tolerance in clinical practice. Under 

these circumstances the present study shows that with the high 

energy neutrons used in the Fermilab facility, the RBE for 

tolerance of human spinal cord does not exceed 4.0 when compared 

to conventionally fractionated high energy photons. 

Since photon doses as high as 50 Gy delivered in 25 fractions 

over 5 weeks (33 days) are well tolerated,18 neutron doses of the 

order of 12.5 Gy may be taken as a safe tolerance limit with a 

vanishingly small risk of spinal cord injury. This limit has been 

shown to be true for a reduced fractionation, since most of OUK 

patients were treated with no more than 13 fractions twice a week. 

It would be expected that this tolerance limit would be little 

changed by variation in fractionation with overall treatment times 

between 4 and 6 weeks. A review of published data (Table 2) also 

shows that no instance of myelopathy was observed unless at least 
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some portion of the spinal cord received a dose greater than 12 

GY. 

Published Data -----L All published reports4f10r12 on neutron-related 

myelopathy are consequent upon delivery of neutron doses well 

above 12 Gy. The beam quality in these cases differed from that 

of the present study. Neutron energies were lower using the 

deuteron (16, 22 and 35 MeV)-beryllium reaction. With the neutron 

spectra produced in this way, RBEs would be expected to be higher 

and consequently cord damage might be observed at lower doses than 

the tolerance limit for the high energy Fermilab beam. The lowest 

dose reported to have been associated with myelopathy was in the 

Hammersmith series, in which one patient developed spinal cord 

injury following a cord dose of 9 Gy. 4 HOWeVeK, further dosimetric 

analysis showed that the maximum cord dose was over 12 Gy in this 

patient. Since the newer neutron therapy cyclotKons currently 

under construction in the US and Europe all have high energies (45 

to 60 MeV protons and Be-targets), tolerance limits in these 

facilities are likely to be closer to the Fermilab experience than 

to any of the older data. 

Fermilab Data --L- Six patients in this series reported questionable 

transient paresthesia. Symptoms first appeared between 3 and 8 

months following neutron irradiation, and were observed on only 

one occasion in each patient. These patients described a tingling 

sensation in one extremity, unrelated to flexure of the neck. One 
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patient had hyperreflexia and clonus. The symptoms, reported at 

one or two follow-up visits, were transient, did not progress, and 

resolved spontaneously in all cases (Table 3). The central cord 

dose ranged from 6.0 to 15.0 neutron Gy. The onset of paresthesia 

is not obviously related to dose. 

One patient treated for a cervical chordoma received 14.7 Gy 

as a central cord dose, had no further treatment for one year and 

then received an additional 4.5 Gy to an adjacent portion of her 

spinal cord when she was retreated with neutrons. A narrow 

overlapping zone may have received a total dose of 19 Gy. She has 

survived over one year since the second course and has had no 

evidence of CNS injury. 

We conclude from our observations that an assumed RBE of 4.0 

and a conservative tolerance limit of 12.5 Gy provides a realistic 

constraint on treatment planning where the spinal cord receives a 

substantial neutron dose, and does not greatly depend on the 

fractionation scheme used. This limit is associated with a 

minimal risk of spinal cord injury and corresponds to doses of 

50 Gy delivered with conventionally fractionated photon 

radiotherapy. HOWeveK , there are clinical contingencies where 

somewhat higher doses might be delivered to the spinal cord, 

taking a calculated KiSk of myelopathy in situations Where control 

of the tumor would be unlikely with lower doses. With photon 

therapy, a dose of 60 Gy (in 30 fractions over 6 weeks) to a short 
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segment of spinal cord might be given under these circumstances. 

The concomitant risk of myelopathy, which probably lies between 5 

and lO%, might be considered acceptable if this is the only way in 

which a reasonable prospect of tumor control can be achieved. By 

the same reasoning, the dose of neutrons carrying a corresponding 

calculated risk of myelopathy would be of the order of 15 Gy with 

the high energy beam currently available. It is for this reason 

that 5 of our patients received neutron doses of this order. All 

have remained free of spinal cord injury at the 2 year follow-up 

date and 2 have been followed for 5 years without any problems 

related to the spinal cord. 

CONCLUSIONS -.--.___ 

It was our purpose to review all available data in our 

records to better establish the tolerance of the human spinal cord 

to therapeutic doses of neutrons. It has been shown that, 

1. No myelopathy was observed in 46 patients receiving central 

cord doses in excess of 10 Gy in 8 to 23 fractions over 4-8 weeks: 

2. Similarly, 9 patients who received central cord doses of 12 Gy 

or more showed no evidence of spinal cord injury; 

3. Central cord doses between 14.6 and 16.7 neutron Gy (12-23 

fractions over 6-8 weeks) have been tolerated (in 5 patients) 
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without evidence of myelitis; 

4. A review of the literature suggests that cord doses of 15 Gy or 

more are hazardous and associated with a significant risk of 

myelopathy; maximum cord doses of 13 Gy or less are probably safe 

with high energy neutrons. 



15 

ACKNOWLEDGMENTS --- 

We wish to thank Ms. Michelle Gleason for typing this 

manuscript and Ms. Carmen Valdes for the illustrations. This 

investigation was supported by PUS Grant Number P01CA18081-10, 

awarded by the National Cancer Institute, DHHS. 



16 

REFERENCES 

1. Awschalom, M., Grumboski, L., Hrejsa, A. F., Lee, G. M., 

Rosenberg, I.: The Fermilab Cancer Therapy Facility: Status report 

after 2.5 years of operation. Trans. Nucl. Sci. NS-26: 3068-3070, 

1979. 

2. Awschalom, M., Rosenberg, I.: Characteristics of a p(66)Be(49) 

neutron therapy beam: II. Skin-sparing and dose transition 

effects. Med. Phys. 8: 105-107, 1981. 

3. Awschalom, M. t Rosenberg, I., Ten Haken, R. r Cohen, L., 

Hendrickson, F.: The Fermilab Neutron Therapy Facility treatment 

planning for neutron and mixed beams. In Treatment Planning for 

External Beam Therapy with Neutrons. Baltimore, Urban & 

Schwarzenberg. 1980, pp. 144-149. 

4. Catterall, M., Bewley, D. K.: Fast Neutrons in the Treatment of 

Cancer. London, Academic Press. 1979. 

5. Cohen, L., Awschalom, M.: The Cancer Therapy Facility at the 

Fermi National Accelerator Laboratory: A preliminary report. 

Applied Radiology 5: 51-, 1976. 

6. Cohen, L., Creditor, M.: An isoeffect table for radiation 



tolerance of the human spina 1 cord, 

Phys. 1: 961-966, 1981. 

17 

Int. J. Radiat. Oncol. Biol. 

7. Field, S.B.: An historical survey of radiobiology and 

radiotherapy with fast neutrons. Current Topics in Radiation 

Research Quarterly 11: l-86, 1976. 

8. Hall, E. J. I Kraljeire, U.: Repair of potentially lethal 

radiation damage: Comparison of neutron and *-ray RBE and 

implications of radiation therapy. Radiology 120: 731-735, 1976. 

9. Jardine, J. H., Hussey, D. H., Raulston, G. I., Gleiser, C. A., 

Gray, K. N., Huchton, J. I., and Almond, P. R.: The effect of 50 

MeV-Be neutron irradiation on Rhesus monkey cervical spinal cord. 

Int. J. Radiat. Oncol. Biol. Phys. 6: 281-288, 1980. 

10. Laramore G. E., Blasko, ,J. C., Griffin, T. w. I Groudine, M. 

T .: Fast neutron teletherapy for advanced carcinomas of the 

oropharynx. Int. J. Radiat. Oncol. Biol. Phys. 5:1821-1827, 1979. 

11. Ngo, F. Q., Han, A., Utsami, H., Elkind, M. M.: Comparative 

radiobiology of fast neutrons: Relevance to radiotherapy and basic 

studies. Int. J. Radiat. Oncol. Biol. Phys. 3: 187-193, 1977. 

12. Ornitz, R., Herskovic, A., Bradley, E., Deye, J. A., Rogers, 

c. c.: Clinical observations of early and late normal tissue 



18 

injury and tumor control in patients receiving fast neutron 

irradiation. In High LET Radiations in Clinical Radiotherapy, 

Oxford, Pergamon. 1979, pp. 43-50. 

13. Redpath, J. L., David, R. M., Cohen, L.: Dose fractionation 

studies on mouse gut and marrow: An intercomparison of 6 MeV 

photons and fast neutrons (E=25 MeV). Radiation Research 75: 

642-648, 1978. 

14. Reinhold, H. S., Kaalen, J. G. A. H. r Unger-Gils, K.: 

Radiation myelopathy of the thoracic spinal cord. Int. J. Radiat. 

Oncol. Biol. Phys. 1: 651-657, 1976. 

15. Rosenberg, I., Awschalom, M.: Characteristics of a p(66)Be(49) 

neutron therapy beam: I. Central axis depth dose and off-axis 

ratios. Med. Phys. 8: 99-104, 1981. 

16. Ten Haken, R. K., Awschalom, M., Hendrickson, F., Rosenberg, 

I .: Comparison of the physical characteristics of a p(66)Be(49) 

neutron therapy beam to those of conventional radiotherapy beams. 

Fermilab Internal Report TM-1021R, Dec. 1980. 

17. Van der Kogel, A. J.: Mechanisms of late radiation injury in 

the spinal cord. In Radiation Biology in Cancer Research, R. E. 

Meyn & H. R. Withers, Eds., New York, Raven Press. 1980, pp. 

461-470. 



19 

18. Wara, W. M., Phillips, T. L., Sheline, G. E., Schwade, J. G.: 

Radiation tolerance of the spinal cord. Cancer 35:1562, 1975. 

19. Withers, H. R. I Peters, L. J.: Radiobiology of high-LET 

irradiation: Neutron irradiation. In Progress in Radio-Oncology, 

Stuttgart, Georg Thiem Verlag. 1980, pp. l-7. 



20 

Table 1 

Neutrons 66 MeV - Fermilab - 1984 

2 33 

3 20 

4 10 

5 8 

>lO Gy 

46 

18 

10 

5 

5 

Zentral Cord DOSE 
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Table 2 

Incidence of Myelopathy with Neutron Beam Therapy. 

Author 
and 

Institution 

M. Catterall 
Hammersmith 
Hospital 
London, UK 

G. Laramore 
University of 
Washington 
Seattle, WA 

R. Ornitz 
MANTA 
Washington DC 

Fermilab 
Batavia, IL 

Equipment 

16 MeV d+Be 
cyclotron 

22 MeV d+Be 
cyclotron 

35 MeV d+Be 
cyclotron 

66 MeV ptBe 
Linear 
accelerator 

Central 
Cord Dose 

11 - 16 Gy 

Approx. 15 Gy 

15 - 16 Gy 

6 - 17 Gy 

Patients with cord 
damage/Patients 
evaluated 

5/? 

s/10 

4/40 

O/76 
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Table 3 

Questionable Transient Paresthesia 

Tumor 
Site 

Central Maximum Field Survival in months/status 
Cord Cord Length 
Dose (Gy) Dose (Gy) (cm) 

Neck 6.0 9.3 15 57.0 ma/alive 

Hypopharynx 15.0 18.0 10 84.0 ma/alive 

Oropharynx 14.6 15.7 10 72.0 ma/alive 

Supraglottic 
Larynx 9.6 10.1 10 42.0 ma/alive 

Oropharynx 11.0 12.0 12 19.5 ma/dead 

Lung 7.4 7.7 15 14.75 ma/dead 
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Figure Captions 

1. Typical neutron treatment plan for head and neck primary 

with one involved node. The first 44% of the dose is 

given through the opposing fields 1 and 2. The next 33% 

is given with 3 and 4. The last 22% is given with boost 

field 5. For 22.5 Gy target absorbed dose, minimum 

target dose is 20 Gy, contralateral neck receives 15 Gy 

for microscopic disease and the entire cord dose is less 

than 12.5 Gy. 

2. Age distribution of 76 patients under study. 

3. Distribution of field sizes used for treatment. Where a 

reduced boost field was used, that size is given here. 

4. Distribution of doses to the center of the spinal cord in 

the principal plane of the beam for the 76 patients under 

study. 

5. Distribution of maximum doses received by the spinal cord 

in the principal plane of the beam for the patients under 

study. 

6. Scatter plot of central cord dose versus treatment time 

for the patients under study ., with initial "wide 
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field" values (e.g., fields 1 & 2 in Fig. 1) illustrated 

for 28 of those patients 0 . Also included are some 

literature reported cases of myelopathy following neutron 

irradiation H, 4 M,12 S.l" 
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